Abstract: The photon iterative numerical technique, which chooses the outputs of the amplified spontaneous emission spectrum and lasing mode as iteration variables to solve the rate equations, is proposed and applied to analyse the steady behaviour of conventional semiconductor optical amplifiers (SOAs) and gain-clamped semiconductor optical amplifiers (GCSOAs). Numerical results show that the photon iterative method is a much faster and more efficient algorithm than the conventional approach, which chooses the carrier density distribution of the SOAs as the iterative variable. It is also found that the photon iterative method has almost the same computing efficiency for conventional SOAs and GCSOAs.
Introduction
High channel-to-channel crosstalk is a principal drawback of conventional semiconductor optical amplifiers (SOAs) that are used in wavelength division multiplexing applications. Gain-clamped semiconductor optical amplifiers (GCSOAs) [1 -3] present a solution to this problem by running a continuous lasing mode at the edge of the gain band, essentially providing a reservoir of photons to dampen gain fluctuations. The attractive device characteristics of GCSOAs, such as crosstalk, longitudinal spatial hole burning, and noise behaviour, have received considerable attention [4 -6] . To thoroughly study the characteristics of SOAs and GCSOAs, a simple and fast numerical algorithm is required. A number of algorithms have been presented to simulate SOAs numerically [7 -10] . The carrier density profile along the cavity is usually chosen as the iteration variable for the numerical iterative process; we call this the carrier iterative method in this article. However, solutions of rate equations are difficult to obtain using carrier density as the iteration variable for lasers above the threshold, because the photon density of the lasing mode changes significantly while carrier density has only very little variation. An approach using photon density as the iteration variable has been proposed to solve the rate equations [11] . For complex SOAs and GCSOAs, one can expect the carrier iterative method to require long computing times.
In this article, a photon iterative method is proposed to improve the computing efficiency for analysing the steadystate characteristics of SOAs and GCSOAs. The outputs of the amplified spontaneous emission (ASE) spectrum and the lasing mode are chosen as the iteration variables for the iterative process to solve the rate equations, and it is found that the photon iterative method has rapid convergence and stability over a wide range of operating conditions. At any current below or above the threshold, only 20 -40 iteration steps are required to reach a relative error less than 10 À4 ; and GCSOAs can be simulated precisely in a much short computing time. Numerical results obtained from the photon iterative method are compared with those of the carrier iterative method [10] .
GCSOA model
A GCSOA with distributed Bragg reflectors on two sides is considered, with reflectivity R las ¼ 0:03 at a lasing mode wavelength of 1520 nm, and reflectivity of R 1 ¼ R 2 ¼ 10 reflectivity coefficients of the SOA. The square modulus of the travelling-wave amplitude is taken to be the signal photon rate ð1=sÞ of the wave in that direction
2.2 Travelling-wave equations for ASE spectrum and lasing mode
The mode selectivity of SOAs is very poor because the reflectivity is negligibly small and is chosen to be R 1 ¼ R 2 ¼ 10 À4 in our model. For this reason, the stratification approximation is used to model amplification of the spontaneous spectrum inside SOAs and GCSOAs. The whole spontaneous emission spectrum is divided into N m intervals with a frequency interval D: The spontaneous emission in the interval j is represented by the centre frequency of the interval as
where E g is the energy bandgap given by (14) . The magnitude of N m depends on the bandwidth of the SOA and the accuracy required in the simulation. The travellingwave equations for the ASE spectrum in the frequency between jÀ1 and j can be expressed as
The boundary conditions are given by
R sp ð j ; nÞrepresents the spontaneous emission coupled into N sp; j ; and it is given as [10] R sp ð j ; nÞ ¼ Gg
where g 0 m is the gain coefficient defined as the rate of downward transition given by (15).
In the GCSOA, distributed Bragg reflectors provide reflectivity R las in a narrow wavelength range to support the lasing mode. The lasing condition clamps the mode gain and controls the average carrier density inside the cavity. In the rate equation model, the difference between the lasing mode and amplified spontaneous emission is that the lasing mode has a larger reflectivity. The travelling-wave equations for the lasing mode N las can take the same form as (7) - (9) with the reflectivity R 1 and R 2 replaced by R las; and the spontaneous emission term obtained from (10) with D replaced by the longitudinal mode interval of the cavity.
Carrier density rate equation
In steady-state conditions, the following carrier rate equation should be satisfied:
where I(z) is the injection current and dLW is the volume of the active region. The second, third, and fourth terms on the right-hand side are the stimulated emission for the input signal, the ASE, and the lasing mode. The factor 2 in the third term corresponds to two mutually orthogonal polarisations of spontaneous emission. The recombination rate term is given by
where A is the defect and linear radiation recombination coefficient, B is the quadratic radiation recombination coefficient, and C is the Auger recombination coefficient.
Gain model for bulk material
The gain is a function of frequency and the injected carrier density n. We simply take the material gain spectrum of bulk material to model SOAs and GCSOAs [12] :
where f c ðÞ and f ðÞ are the Fermi -Dirac distributions in the conduction band and valence band, the radiative carrier recombination lifetime is defined by ðA rad þ BnÞ À1 as in [10] with A rad ¼ 10 7 s À1 ; and E g ðnÞ is the bandgap energy with the following bandgap shrinkage [13] :
where K g is the bandgap shrinkage coefficient, and E g0 is the bandgap energy without the injected carrier. The gain coefficient g 0 m is given by [12] 
3 Algorithm for photon iterative method
In the numerical simulation, the amplifier is split into a number of sections labelled i ¼ 1 to M as shown in Fig. 1 . It is assumed that the injection current is uniform in each section and the ith section has a uniform carrier density n i :
The N sp; j;i ; N las;i ; and N sig;i ; in (11) are taken as the values on the right-hand side of the ith section approximately. The ASE spectrum is divided into a number of intervals labelled j ¼ 1 to N m as shown in (6) with a uniform frequency j in the jth interval. Without the super index, N sp; j;i ; N las;i ; and N sig;i ; represent both the positive and negative propagating fields. A flowchart of the algorithm is shown in Fig. 2 , where the key point is how to solve the carrier density from (11). The secant method, which does not require evaluating the equation's derivative and can converge as fast as the Newton -Raphson method [14] , is used to solve the rate equations. In the photon iterative method, we choose the output ASE spectrum P sp; j and output lasing mode P las as iterative variables with initial values taken to be P 0 sp; j ¼ 0 and P 0 las ¼ 0: The value of output signal P sig;out is taken to be a constant in the iterative process. First, the ASE spectrum, lasing mode, and signal field in the section M are calculated based on the boundary conditions, and then the carrier density n in the section M is solved by the secant method using (11) . Based on the ASE spectrum, the lasing mode, the signal, and the carrier density in the section M, we can calculate the ASE spectrum, the lasing mode, and the signal in the section M À 1 using (1), (2), (7), and (8), and then obtain the carrier density in the section M À 1 using (11) again. Following the same process, one can obtain the ASE spectrum, the lasing mode, the signal, and the carrier density in the first section of the SOA, which, practically, are the values in the interface between the first and second sections. Thus we need to calculate them just inside the input mirror and then obtain the input signal from the boundary conditions (3) and (4). In the next half cycle of the iterative process, the positive z-direction propagating ASE spectrum and the lasing mode are obtained based on the boundary condition (9) from the negative z-direction propagating waves, and then the amplification of the positive z-direction propagating ASE spectrum and the lasing mode from the first section to the Mth section of the SOA are calculated based on the carrier density obtained from the above half cycle. Then the calculated output ASE spectrum P sp; j and output lasing mode P las are compared with the previous values to determine whether the next iteration is needed. If the error tolerance is not reached, ðP 0 sp; j þ pP sp; j Þ=ð1 þ pÞ and ðP 0 las þ pP las Þ=ð1 þ pÞ are chosen as new initial values and the next iterative cycle is performed. The parameter p is a weight number, which is usually chosen to be p ¼ 1; but a different value of p may results in faster convergence in some cases.
Simulation results
The longitudinal structure of the SOA and GCSOA is divided into M ¼ 100 sections with a uniform carrier density in each section; the ASE spectrum is divided into N m ¼ 60 intervals with frequency interval D ¼ 2 Â 10 11 Hz; the other parameters are listed in Table 1 . The wavelengths of the lasing mode and the input signal are taken to be 1520 nm and 1550 nm, respectively. In the numerical simulation, the iterative process continues until the relative difference between two consecutive iterative results for the output ASE spectrum and the output lasing mode is less than 10 À4 ; this has 61 elements to be checked in the tolerance condition.
First, the computing efficiency of the photon iterative method is compared with the carrier iterative method, which chooses carrier density distribution as the iteration variable [10] . The carrier density distributions obtained by the photon iterative method and the carrier iterative method are plotted in Fig. 3 as a solid line and squares, for a SOA with injection current I ¼ 100 mA and input signal power P in ¼ À12 dBm; the two plots agree very well. Figure 4 compares the percentage errors against iteration number for SOAs with injection currents 100, 200, and 400 mA without the input signal. For the photon iterative method, with 21 iterations, the percentage error is 0.064%, 0.13%, and 0.81 % at injection currents I ¼ 100; 200, and 400 mA, respectively. However, 51, 91, and 251 iterations are required for percentage errors of 0.56%, 0.69%, and 1.1% at I ¼ 100; 200, and 400 mA for the carrier iterative method. The results show that the carrier iterative method needs a much longer iteration process than the photon iterative method, especially, for SOAs with a high injection current. At I ¼ 400 mA; the photon iterative method requires 40 steps to get a relative error less than 10 À4 ; while the carrier iterative method requires 500 steps. Figure 5 plots the percentage errors against iteration time as broken lines and solid lines for the photon iterative method and the carrier iterative method, respectively.
Because one cycle of the photon iteration method takes longer than one cycle of the carrier iteration method, the results show that the photon iteration method takes almost the same computing time as the carrier iterative method at an injection current of 100 mA. However, the photon iteration method requires much less computing time than the carrier iteration method at higher injection currents. For a cavity divided into fewer sections (such as 16 sections) it is found that the photon iteration method is also more efficient than the carrier iteration method. It should be noted that the plotted percentage error is the highest error of all the iterative variables.
Numerical results show that the photon iteration method is suitable for a wider operating range than the carrier iterative method in modelling conventional SOAs. Exact results can still be obtained by the carrier iterative method, but over much longer computing times. However, a lasing mode in GCSOAs will greatly influence the computing efficiency of the carrier iterative method. Percentage errors against iteration number for a GCSOA at I ¼ 100 mA without an input signal and with an input signal of À12 dBm, obtained by the photon iterative method and the carrier iterative method, are plotted in Fig. 6 as solid and broken lines, respectively. For the photon iterative method, the percentage error is 0.0086 and 3 Â 10 À8 at iteration number 24 and 54, respectively, without the input signal. Almost the same computing efficiency can be obtained for conventional SOAs and GCSOAs using the photon iterative method. The carrier iterative method still gives 5% error at iteration number 3000.
In the following Section, we present some simulation results for GCSOAs obtained by the photon iterative method. Figure 7 compares the signal gain against input signal power at a signal wavelength of 1550 nm for a GCSOA at I ¼ 100 mA and a conventional SOA at I ¼ 32 mA; respectively. For the GCSOA, the gain is clamped until the internal lasing mode is turned off by the input signal; the gain of the conventional SOA is decreased with the increase of input power. Figure 8 shows the carrier density distribution for the GCSOA at I ¼ 100 mA and an input signal power P in ¼ À40; À20; À12; and 0 dBm: These results show that the carrier density has a maximum in the centre of the device and minima at the faces for low input signals, caused by the stimulation emission of the lasing mode and ASE spectrum. With an increase of input signal, the stimulated recombination rate of the input signal at the output face becomes very strong and leads to a decrease in the carrier density at the output face. At the same time, the lasing mode power and amplified spontaneous emission decrease and lead to lower stimulated Fig. 3 Carrier distributions obtained by photon iterative method and carrier iterative method for SOA with injection current I ¼ 100 mA and input signal power P in ¼ À12 dBm at 1550 nm Fig. 4 Percentage error against iteration number when simulating conventional SOA at injection currents 100, 200, and 400 mA, and P in ¼ 0 Fig. 5 Percentage error against iteration time when simulating conventional SOA at injection currents 100, 200, and 400 mA, and P in ¼ 0 Fig. 6 Percentage error against iteration number when simulating GCSOA at I ¼ 100 mA and input power P in ¼ 0 and À12 dBm recombination rate at the input face and an increase in carrier density at the input face. However, the average carrier density hardly changes before turn-off of the lasing mode.
Output ASE spectra for the GCSOA at I ¼ 100 mA are plotted in Fig. 9 with input signal power P in ¼ À40; À20; À12; and 0 dBm: The output ASE slowly decreases with increase of input power because the input signal power is less than the saturation power; then the output ASE decreases rapidly as the input signal power becomes larger than the saturation value.
Conclusions
A photon iterative method has been developed to simulate the steady-state characteristics of GCSOAs and conventional SOAs. Comparison with the carrier iterative method shows that the photon iterative method is more efficient for analysing conventional SOAs and GCSOAs over a wide range of operating regimes. For conventional SOAs, the photon iterative method can reach convergence much faster than the carrier iterative method, especially for SOAs with a large injection current. For GCSOAs, the photon iterative method has almost the same computing efficiency as for SOAs, while the carrier iterative method has difficulty obtaining convergence for GCSOAs.
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